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ARTICLE INFO ABSTRACT
Keywords: Urban heat islands (UHI) are important environmental issue in cities where urban spatial struc-
Spatial nonstationary characteristics ture has been proven to play an important role in alleviating UHI effects. The relationship be-
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tween land surface temperature and urban spatial structures has been explored, providing strong
support for their cooling effects. Urban roads are the skeleton of urban spatial structures, with
obvious spatial structure characteristics; however, research on the relationship between roads and
the thermal environment has been mostly focused at the micro and meso level, lacking explo-
ration at the macro spatial structure scale. Xuzhou—a typical average-sized city in China—was
selected as the research object and the road system as the carrier. The thermal environmental
effects of road elements such as their structural attributes, geometric attributes and unique
construction attributes were quantitatively analyzed using geographically weighted regression
analysis. The results revealed that 1) the contribution of roads in the study area to the UHI effect
is relatively stable; therefore, this area should become an important cooling space to decompose
UHI patch connectivity and thus decrease the UHI effect. 2) the self-organizing structural char-
acteristics of urban roads affect their thermal environments where in the straightness of the road
structure and road thermal environment showed a clear overall negative correlation And 3) the
length and width of the road segments had negative and positive effects on the thermal envi-
ronment, respectively. The green coverage of the roads has a global negative effect on the thermal
environment, but shows obvious spatial non-stationarity. Therefore, green measures must be
implemented in different regions. The results here provide a quantitative basis for urban road
system planning and urban form management and control that incorporates thermal environment
improvements, as well as a reference for the study of urban thermal environments under different
spatial forms and planning control systems in other countries and regions.

1. Introduction

Deterioration of the thermal environment is an important ecological issue in urban development. During urbanization, the urban
spatial structure is constantly reconstructed along with the expansion of the urban geographic space [1]. Land use and transportation
networks are decisive geographic representation elements that affect urban spatial structure [2-5]. As an important land use type and
spatial carrier of the transportation network in a city, urban roads have a marked impact on urban thermal environment [4,6-8].
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Therefore, the analysis of the effect on thermal environment spaces of urban roads and quantification of thermal environment space
planning strategies are important for optimizing urban thermal landscape patterns and improving the urban thermal environment.

Roads account for a large proportion of urban land use [9]; and with the expansion of cities, this proportion is in a steadily growing.
Roads are covered by large amounts of impermeable materials and carry most of the automobile traffic in cities, making them critical
urban heat sources [10,11]. Concurrently, urban roads serve as the main channels for organizing urban land use, connecting the
functional zones inside the city and providing urban ventilation. Their structural forms also affect the thermal environment of an entire
city by affecting other land uses and ventilation [12,13]. Currently, studies on the thermal environment effects of urban roads mainly
include the thermal effects of the underlying surface material at the microscopic level [14-16] and the cross-sectional attributes of
roads (road surface width and road green belts) at the mesoscopic level [17-20]. Most of these studies are limited to the road land use
while studies on the effect of urban-road spatial structures on the urban thermal environment are lacking from the perspective of the
role of roads in the overall urban structure.

The selection of appropriate indicators and methods to quantify and deconstruct the thermal environment effect of urban roads is
important for mechanism investigation and scenario application, as is the clarification of the application points of strategic spaces
[21]. Centrality is one of the key indicators for interpreting the spatial characteristics of road traffic networks [22], because it reflects
the relationship between urban roads and land, the distribution characteristics of urban road centrality, and the structural charac-
teristics of urban roads [5,23-25]. Remote sensing of land surface temperature (LST) is an important characterization parameter for
analyzing urban thermal environment and has advantages in terms of spatial resolution and time continuity [26,27]. Ordinary least
squares (OLS) regression is the most commonly used method, which assumes that all objects are independent but do not have a spatial
scale effect [28]. In real geographic spaces, LST has a spatial autocorrelation, and to capture the effect of each influencing factor on LST
at different spatial scales more accurately, it is necessary to perform a multiscale analysis based on spatial distribution [29,30].

To expand the study of the thermal environment effect of urban roads, the present study aimed to investigate the relationship
between the geometrical and spatial structural characteristics of urban roads and LST. We selected Xuzhou, a typical Chinese city with
an evident thermal environment, as our research object. We used Landsat satellite data and land use data for LST retrieval via the
single-window algorithm and screened the indicators from the perspective of the geometric characteristics of urban roads and network
centrality to quantify the characteristics of urban roads, test the LST spatial correlation of the road system, select a spatial regression
model, and clarify the spatial non-stationary characteristics of LST under the influence of each indicator. These factors provide support
for urban road optimization and can help expand research perspectives and ideas for improving the urban thermal environment at a
holistic level.

2. Materials and methodology
2.1. Overview of the study area

Xuzhou is located in the northwestern Jiangsu Province and the southeastern North China Plain (33°43-34°58' N and
116°22'-118°40' E). The city has an area of 11,258 km? and the study area—including Gulou, Quanshan, Yunlong, Tongshan, and New
Districts as well as the Economic and Technology Development Zone— covers 573 km? and has an average elevation of 35.1 m (Fig. 1-
a).The scope here included urban built-up areas, water bodies, suburban villages, agricultural and forestry lands and other land uses.
Since the reform and opening up in China, road construction in the municipal district of Xuzhou has gradually improved. The per capita
paved road area has increased from 1.00 m? in 1978 to 22.70 m? in 2021, and the paved road area has increased from 67 m?in 1978 to
4710 ha in 2021 (Fig. 1-b).Since Xuzhou resumed urbanization growth in 1995, its urbanization level increased from 19.8 % below the
average level for both the world and China to 66.7 % higher than the average level for China in 2019. Despite the rapid urbanization
and ecological construction transformation of resource-exhausted cities, there is still a notable heat island effect in the main urban area
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Fig. 1. Basic information of Xuzhou municipal districts: (a) location and (b) road construction in Xuzhou municipal districts over the years since the
reform and opening up of China.
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of Xuzhou [31].

2.2. Data source and processing

Comparing the characteristics of satellite image data commonly used in the study of heat island effects [32,33], and combining
these with the accuracy requirements of this study, Landsat image data (basic parameters of the data source are shown in Table 1) from
the Geospatial Data Cloud Platform of the Computer Network Information Center of the Chinese Academy of Sciences (http://www.
gscloud.cn) were selected for the inversion of ground temperature. This included: Landsat 5 TM data of September 18th, 1995 with a
rail number path of 121 and row of 36; Landsat 5 TM data of September 24th, 2003 with a rail number path of 121 and row of 36; and
Landsat 8 OLI_TIRS data of September 22nd, 2014 and September 27th, 2019 with rail number paths of 121 and 122 and rows of 36
and 36, respectively. Other data included the urban master plan of Xuzhou City for each stage, the current land use maps of con-
struction land in the main urban area of Xuzhou City (the years 1995, 2003, 2014, and 2019 were vectorized), and the administrative
district map of Xuzhou City.

2.3. Research methods

2.3.1. Vegetation cover fraction (VCF)
The vegetation cover fraction (VCF) refers to the proportion of the vertical projection of vegetation to the area of the region. VCF is
calculated mainly using the binary cell model combined with the vegetation index!®* [34], and the formula is as follows:

NDVI — NDVIy;

VCF=——————
NDVI,e; — NDVI;

(€D

where NDVI is the normalized difference vegetation index, and NDVIs; and NDVIye, are the NDVI of bare soil pixels and fully
vegetated pixels, respectively; NDVI and VCF are the corresponding concepts. NDVI can reflect vegetation coverage, vegetation growth
state, and nutritional information, and is an important parameter used to describe the ecological environment quality of a land parcel
[35]. Based on the gray level of NDVI, the cumulative probabilities of 5 and 95 % of NDVI were used as the values of NDVI; and
NDVIy., respectively. The VCF values in the study area were calculated using ENVI software [36-38].

2.3.2. Measure of road space structure characteristics

Network centrality measurement is a way to analyze the structural characteristics of urban roads [39]. In practical applications,
three indicators—Betweenness, Straightness, and Closeness—are used to describe the structural characteristics of roads [40,41] and
have different meanings and focuses which can be used to judge the ability of roads in transit, directness, and accessibility, respectively
[42]. Using the ArcGIS platform, Urban Network Analysis (UNA) [43] software was used to calculate the node centrality of the urban
road network within the main urban area of Xuzhou. The indicators were as follows.

@ Betweenness

This index is used to describe the urban road network centrality, Regarding road network consistency, the main factors affecting the
number of betweenness for the urban road network nodes in the position, the more important the position of the node, the corre-
sponding number of betweenness is greater, and the more paths related to it. For N road network nodes, the median is the ratio of the
number of shortest paths between two nodes passing through node i and the number of all such paths, when making a comparative
study of urban road networks of various scales, the influence of scale on the median should be eliminated, the common method is to
introduce the coefficient 1/(N-1)*(N-2), Betweenness is then calculated using the following formula:

1 Tl'k(i)
B=———————— J 2
(N*l) X (Nfz) j,kg\l Ny ( )

ik j#k

where nji represents the number of shortest paths of nodes j and k, njk(i) represents the number of paths passing through i, and N
represents the number of road network nodes.

® Straightness

Table 1
Road section parameters of main urban area over the years.
Year Amount Shortest (km) Longest (km) Totle (km) Average (km) Std dev Density (km/km?)
1995 330 0.10 8.42 380.41 1.15 1.12 0.66
2003 1766 0.02 9.12 853.80 0.48 0.65 1.49
2014 2840 0.01 4.30 1202.25 0.42 0.42 2.10
2019 3721 0.02 4.77 1499.13 0.40 0.39 2.62



http://www.gscloud.cn
http://www.gscloud.cn

N. Guo et al. Heliyon 10 (2024) e37244

Straightness indicates the efficiency of urban road network—in the same urban road network, the size of the value of direct access is
related to its position in the urban road network. In the process of quantitative analysis, mainly through the road network of a node i
and the nodes of the spacing and the shortest spacing of the ratio of the road network. For the different scales of the urban road network
for comparative study, the scale of the impact of direct access should be eliminated, and the common method is to introduce the
coefficient of 1/(N-1) into the formula as follows:

Si _ 1 Z dEuclij (3)

Nﬁ]‘jeN,j%i dy

where dj; is the distance between the nodes i and j in the network, dgcw;j is the Euclidean distance between them, and N is the number of
nodes in the road network.

® Closeness

This indicator reflects the proximity of a node. It is specifically expressed as the reciprocal of the mean value of the path length
between node i and every other node in the road network and can be determined using the following formula:

1 N-1
G=>= )
L Ydy
jeG

where L; is the mean value of the distance between node i and other nodes, and dj; corresponds to the distance between these two
nodes.

@ Dual graph

Certain connections between the dual and planar graphs create a special network, the result of appropriately processing the dual
relationships of different nodes and edges in the planar graph. For example, in dual processing, a point on each edge in a planar graph
network can be selected as a vertex in the dual graph, and the edges and vertices are connected in a certain order to form the cor-
responding graph. An analysis shows that the new graph, which is composed of these vertices and links, contains the connection
relationship of the original planar graph, which is called a dual graph or the dual structure of the original planar graph (Fig. 2).

The dual graph retains the overall morphological characteristics and visually reflects the connectivity of the road segments.
Usually, the urban road network uses intersections as the nodes and the solid linear road segments as the edges, thus corresponding to
the shape of the road network in a real environment and essentially reflecting the interconnection status of the intersections of urban
road segments. To quantitatively analyze the spatial structural attributes of a road segment, dual graph analysis can be used to abstract
a single road segment as a single node according to the spatial connection relationship between each road segment; thus, a dual graph
of the urban road network can be constructed to express the abstract attributes of each road segment in the urban road network
structure [44].

2.3.3. Geographically weighted regression analysis

To better explain the nonstationary pattern of LST, geographic weighted regression (GWR) analysis was introduced, and the
geographic location information of the spatial data was embedded into parameters to reflect the relationship between variables and
their spatial variation characteristics [45].

However, the traditional GWR model has certain limitations. The model assumes that all independent variables affect the
dependent variable at the same spatial scale; and ignores the adaptation range of spatially independent variables. Therefore, we added
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Fig. 2. Illustrations of Plane graph and dual graph of the road network structure (a) planar graph; (b) dual graph.
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a multiscale GWR to strengthen the adaptability of spatially independent variables [46]. The adaptability (y;) of the OLS, GWR, and
multiscale geographic weighted regression (MGWR) models to the nonstationary thermal environment in the main urban area of
Xuzhou were compared to fully evaluate the explanatory power of each model using the following equation:

Yi=Po(wi,ve) + Y Belus, vi)xu + & 5)

where p is the number of selected road thermal environment influencing factors ¢; is a random error. (u;,V;) is the geospatial co-
ordinates of the center point of road segment i, f,(u;, v;) is the intercept at road segment i, and S (i, v;) is the regression coefficient of
the k-th indicator on road segment i, of which g, (u;, vi) and f (u;, v;) are estimated using the linear weighted least squares method:

Blug,vi) = [X"W(w, vi)] ' X W(w, v)Y ©

where X is the independent variable matrix, Y is the dependent variable matrix, W(u;, v;) is the spatial weight matrix, and the bisquare
is selected as the weight function:

2

Wi-—{ [1 - (d,-,-/b)z] d;j <b o

y
0, others

where Wj is the weight influence between the road segments i and j, d;; is the Euclidean distance between the road segments i and j, and
b is the bandwidth.

Because the spatial distribution of road segment center points in the study area is non-uniform, the adaptive type was chosen in this
section; that is, the distance between the regression analysis road segment i and the M-th nearest neighbor was used as the bandwidth
[47]. M is determined by the Akaike information criterion and the bandwidth value is characterized by M [48]. The bandwidth is
negatively correlated to the rate at which the weight decays with increasing distance [47]. A bandwidth that is too large may also lead
to globalization trend in the GWR model. In short, the scale of action of the independent variable on the dependent variable can be
reflected by the bandwidth.

3. Results
3.1. Road characteristics

Current land use maps of Xuzhou’s main urban area over the years were used to extract the land use for each level of road land,
extract and decompose the road centerline of each level of road, and draw the road segments of the main urban area of Xuzhou over the
study period (Fig. 3-a).

From 1995 to 2020, the road network in the main urban area of Xuzhou improved constantly. Specifically, in 1995, the road
network of the main urban area as a whole was internally dense and externally sparse, with the old urban area as a single center. In

2014

1995

1995 2014

Fig. 3. Road network structure of Xuzhou City in 1995, 2003, 2014 and 2019. (a) Land use; (b) Planar graph; (c) Dual graph.
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2003, the road network in the main urban area gradually improved, and road density increased. The road network in the Tongshan
District and the area north of Daguozhuang Airport was strengthened, and a dense road network centered on the old town and
Tongshan District emerged. By 2014, the road network of the Xuzhou New District in the main urban area had been constructed. The
old city, Tongshan District, and Xuzhou New District became the centers of the multi-center dense road network structure, and the
framework of the road network system was relatively mature. By 2019, the road network structure—characterized by the original
three centers, which were internally dense and externally sparse—began to evolve into a road network system with a relatively ho-
mogeneous space, and the road network was gradually constructed and improved. In ArcGIS, the parameters of each road segment over
the years were counted to obtain a parameter table for the road segment in the main urban area (Table 1).

Table 1 shows that the number of road segments increased from 330 in 1995 to 3721 in 2019; the total number of road kilometers
increased from 380.41 km in 1995 to 1499.13 km in 2020; the density of the road network also increased from 0.66 km/km? to 2.62
km/km?, and the efficiency of the road system increased.

In ArcGIS, in accordance with the principle shown in Fig. 2 and combined with road segment modifications such as expressways
and interchanges, dual graphs of the road centerlines in the main urban area of Xuzhou from 1995 to 2020 were drawn (Fig. 3-b). The
graphs show a clear group pattern from a single center to multiple centers; and with the gradual construction of the road network
system, the group-type centralized distribution characteristics of polycentricity became obvious. Among these, the new district and the
old urban area of Xuzhou are the two larger and more concentrated distribution areas.

3.2. Road VCF characteristics

In addition to the influence of location, the construction of urban roads affects the LST of road segments because of road width and
road greening. As well as the analysis of urban space planning factors in Section 3, VCF was selected as an important independent
variable in the correlation analysis. In ArcGIS, the VCF data of the main urban area and the road segments were superimposed to
extract the VCF value of each road segment (Fig. 4).

Based on the VCF statistics of each road segment over the years, the average values for the four periods were 0.41, 0.28, 0.32 and
0.34, respectively. A combination of the spatial distribution of road segments over the years in Fig. 3-a indicates that before
2003—with the improvement of the road system and the increase in the construction of road segments—the VCF showed a decreasing
trend, and the reduction rate was relatively large. The space showed a clear circular structure; that is, the VCF gradually increased from
the urban center to the periphery. After 2003, although the construction volume of road segments increased, the VCF of roads also
exhibited an increasing trend. Among them, the VCF of the main expressways in the non-transit urban area was low, especially on the
eastern and western third-ring roads and Chengdong Avenue.

3.3. Road structural characteristics

The centrality and spatial structural characteristics of roads in the main urban area were determined. Formula 2, 3 and 4were used
to calculate road centrality. We also conducted statistical analyses on the basic status of the road network in the main urban areas of
Xuzhou over time (Table 2).

As shown in Table 2, the number of road dual graphs gradually increased from 1476 in 1995 to 15,956 in 2019, indicating that the
road network became more closely connected and complicated. The changes in the overall normalized straightness and normalized
closeness exhibited dynamic trends. The normalized mean betweenness showed a clear decreasing trend. Because the network pa-
rameters and network size had a certain correlation between 1995 and 2020, the network size changed greatly, therefore, we
compared the network centrality parameters of single-period data. Based on the calculation results of the UNA and ArcGIS platforms,
the network centrality parameters of the 1995-2020 road centerline dual graph for the main urban area of Xuzhou were classified
using the natural discontinuity method. A spatial structure characteristic map of the road space in the main urban area of Xuzhou over
the years was drawn (Fig. 5).

As shown in Fig. 5, the road network centrality parameters of the main urban area of Xuzhou show clear spatial differentiation
characteristics over time. Betweenness centrality reflects the distribution characteristics of typical planar aggregations that extend in
the axial direction. In 1995, road segments with higher betweenness centrality were mainly distributed in the old urban area and
Tongshan District (formerly Tongshan County). By 2019, the main frame of the road segments with high betweenness centrality had
expanded along the main roads, and the space exhibited the multi-region coexistence of the old city, Xuzhou New District and
Chengdong New District (Xuzhou Economic Development Zone). Road segments with low betweenness centrality were distributed in

Fig. 4. VCF of various road sections in the main urban area of Xuzhou.
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Table 2
Statistics of the basic conditions of the road network in the main urban area of Xuzhou.

Year Dual number Norm_Betweenness Norm_Straight Norm_Closeness
1995 1476 3.21e-2 0.86 0.10 e-3
2003 7432 1.61 e-2 0.83 0.14e-3
2014 11926 1.18 e-2 0.83 0.13e-3
2019 15956 0.97 e-2 0.86 0.12e-3
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Fig. 5. Spatial structure characteristics of roads in the main urban area of Xuzhou (a) Betweenness; (b) Straightness; (c) Closeness.

the surrounding area. In general, the higher the betweenness value, the higher the number of shortest road paths passed by the nodes of
the road traffic network, the larger the traffic flow carried in the corresponding road network, and the better the accessibility [49]. The
spatial expansion of the high-betweenness central road segment showed a certain degree of fit with the development of urban land use,
particularly with the urban skeleton formed by the main roads.

The straightness of the road network in the main urban area of Xuzhou City over the years shows a clear group structure that reflect
the transportation network efficiency to a certain extent. In 1995, areas with higher straightness appeared in the vicinity of Xuzhou
Station in the main urban area, the Wanzhai Port area of Xuzhou North Station, and the area of Damiao Town, while the weakest area
appeared in southern of Jiuli Lake. By 2003, the overall pattern began to show clear zoning characteristics, with areas of high
straightness mainly concentrated in the commercial area west of Xuzhou Station and the residential area on the north bank of Yunlong
Lake. In 2014 and 2019, the zoning exhibited clear polycentric characteristics With the new and old urban areas of Xuzhou exhibiting
the highest straightness. The straightness south of Tuolong Mountain was the weakest because the vicinity of Xuzhou Station and the
north bank of Yunlong Lake are old historical urban areas, the spacing of their road network is relatively small, and the network
connectivity is stronger at the same spatial scale. The base road networks were reorganized and constructed in Xuzhou New Urban Area
in accordance with the new planning, there was no interference from the old road network, the road system was complete, and the
hierarchical system was clear. The evaluations of road network structures in new urban areas based on straightness reflects the ra-
tionality of road network structures in new urban areas.

The proximity of the road network in the main urban area of Xuzhou City over the years showed a clear circular structure in which
the old urban area (Xuzhou Station) was the center, and the roads expanded outward. Closeness reflects the proximity of each network
node to the road network center. The higher the closeness, the closer the node is to the network center. For the road network as a
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whole, the higher the total closeness, the denser the road network structure. The center of the network structure of Xuzhou is still based
at Xuzhou Station in the main urban area and the commercial concentration area on the west side, with strong centrality. In ArcGIS, the
total closeness values for 1995, 2003, 2014, and 2019 were 0.000105, 0.002553, 0.002636, and 0.026685, respectively. The closeness
of the main urban area shows an increasing trend; that is, the road network structure became increasingly dense with the increase in
road network construction in the main urban area.

3.4. Road thermal environment

Road networks are one of several urban network frameworks, and the thermal environment of these networks is affected by their
spatial structure. For example, the more urban activities agglomerate in road segments with high accessibility, the more complicated
thir impact on the thermal environment. However, the thermal environment is directly related to road construction, including factors
such as road materials and road greening environments. In ArcGIS, the current spatial layout of the road network and the urban surface
thermal environment parameters (including LST and the urban heat island (UHI) index) were overlaid to extract the LST of each road
segment (natural discontinuity for classification) (Fig. 6-a), and the UHI index (Fig. 6-b).

Fig. 6-a shows that the LST of each road segment in the main urban area of Xuzhou exhibited considerable spatial variation over the
years. In 1995, 2003, 2014 and 2019, the average LST of the road segment were 26.19 °C, 29.39 °C, 30.61 °C, and 30.02 °C,
respectively, showing a clear warming trend. Among them, the thermal environment problems of the roads around the railway of the
Xuzhou North Station, section of the East Third-ring Road, road segment of the northern industrial concentration area, and road
segment of the commercial area west of Xuzhou Station were particularly prominent. The LSTs of the road segments along the bank of
the Yunlong Lake and transit expressways were relatively low. This situation occurred because, in addition to the impact of road
construction itself, high-temperature road segments were influenced by the surrounding land use properties. The railway areas at
Xuzhou North Station, section of the East Third-ring Road, road segment of the northern industrial concentration area, and road
segment of the commercial area west of Xuzhou Station are all agglomerations of urban activities, and the thermal environment of
these areas is relatively high. Transit expressways and roads along the bank of Yunlong Lake were also affected by the surrounding land
use. The transit expressway is surrounded by farmlands and woodlands, wiht only a section passing through urban built-up areas. The
interweaving of the peripheral low temperature and road segment temperature reduced the thermal environment effect of the road
segment to some extent.

UHIs were introduced and mapped to compare temperature data horizontally over the years (Fig. 6-b). The results showed that
improvements in the urban road network and the influence of external transit traffic led to relatively small spatial variations in the
urban road segment UHIs which were 0.57, 0.56, 0.56, and 0.55 for 1995, 2003, 2014, and 2019, respectively. This difference was
relatively small, indicating that the role of roads in the urban thermal environment was relatively stable.

3.5. Thermal environmental effect of road structure

According to the measurement indices of road segment network centrality and road segment parameters over the past
years—considering the values of road segment width, length and area data, the original data were processed using logarithms to
eliminate the adverse effects caused by different index measurement units— road thermal environment parameters and road VCF were
used as the basic data and anomalies were excluded from the correlation analysis.

The MGWR model was used to investigate the local heterogeneity pattern of the influencing factors of the urban road network
structure on the thermal environment as they relate to location, thereby providing the basis for an in-depth analysis of the spatial
pattern of the thermal environment differentiation of the urban road network.

In SPSS, the kurtosis and skewness values showed that the UHI,qex data over the years met a normal distribution. Based on existing
studies, the parameters of the road network structure, geometric characteristics of the road pavement, and road construction

1995 2019

1995

Fig. 6. Thermal environmental parameters of various road sections (a) LST; (b) UHIipdex-



N. Guo et al. Heliyon 10 (2024) e37244

parameters were selected as influencing factors to analyze the thermal environment effect of the road network. The road network
structure includes the three parameters of betweenness, closeness, and straightness; the geometric characteristics of the road surface
include the road width and the length of the road segment; and the road construction parameters include the VCF of the road segment,
with a total of six indicators as influencing factors. The statistical parameters of the means, standard deviations and sample sizes of the
explanatory variables are presented in Table 3.

The descriptive statistics of the explanatory variables of road segments indicate that the road system gradually improved over the
years, and the number of road segments increased from 282 in 1995-3174 in 2019. However, the length of road segments decreased
yearly from an average of 1074.87 m/segment in 1995 to an average of 388.55 m/segment in 2019. Road connectivity is maintained at
a relatively high level. The average VCF for roads first decreased and then increased, indicating a good trend for environmental
construction related to the Xuzhou roads in recent years.

The above variables were subjected to a collinearity test using SPSS software. The VIF values were all below 7.5; thus, the indicators
met the non-collinearity requirement and could be used in the regression analysis. In terms of the spatial distribution, the urban
thermal environment has two forms: agglomeration and dispersion. In the study area, the degree of correlation between the attributes
of the observation points in the adjacent space can be obtained through a spatial correlation analysis. Therefore, the spatial hetero-
geneity of urban road thermal environment can be explored using global or local spatial autocorrelation analyses.

3.5.1. Global autocorrelation analysis

ArcGIS software and the Moran index were used to analyze the surface thermal environment data for each road in the study area
over the years (Table 4).

The global Moran index for 1995 was 0.391, the z-score was 1.491, and the P value was 0.136. These results suggest that the
difference between the spatial and random patterns was not significant. Therefore, the 1995 data exhibited spatial randomness. In
2003, 2014, and 2019, the global Moran indices were 0.241, 0.385, and 0.394, respectively, the z-scores were 60.49, 100.73, and
18.77, respectively, and the P values were all 0.000, indicating that the data belonged to a clustering and not a spatial pattern;
indicating that the spatial distribution of the surface thermal environment was generally positively correlated. In other words, the LST
of the adjacent area is correlated; that is, the LST exhibits spatial aggregation, and the LST of each section transitions from disordered
to ordered. Therefore, when performing GWR analysis on the road thermal environment, data from the three periods of 2003, 2014,
and 2019 were chosen for comparative study.

Based on the results of the spatial correlation analysis, the OLS model suitable for spatial stationarity analysis for 1995 and the
MGWR model suitable for spatial non-stationary analysis for 2003, 2014, and 2019 were selected.

3.5.2. Local autocorrelation analysis

The surface thermal environment data of the road pavements in the study area were analyzed using ArcGIS software. The local
Moran index was calculated to detect four clusters: HH (high-high aggregation), LL (low-low aggregation), HL (high-low aggregation),
and LH (low-high aggregation) (Fig. 7). In the spatial distribution of the thermal environment clustering in the main urban area of
Xuzhou (Fig. 7), the uncolored area was insignificant. The figures indicate that the spatial aggregation of the LST of each road segment
in the main urban area of Xuzhou over the years showed obvious spatial partitioning. In 1995, the hot clustering of road segment LST

Table 3
Descriptive statistics of explanatory variables of road sections over the years.

Year Variables Sample size Average Std dev Unit

1995 Betweenness 282 0.04 0.04
Closeness 282 0.00 0.00
Straightness 282 0.86 0.03
width 282 71.98 19.70 m
Length 282 1074.87 963.55 m
VCF 282 0.38 0.27

2003 Betweenness 1522 0.02 0.03
Closeness 1522 0.00 0.00
Straightness 1522 0.84 0.09
width 1522 29.31 19.19 m
Length 1522 425.90 527.56 m
VCF 1522 0.26 0.22

2014 Betweenness 2403 0.01 0.03
Closeness 2403 0.00 0.00
Straightness 2403 0.84 0.05
width 2403 41.45 19.35 m
Length 2403 408.55 406.65 m
VCF 2403 0.31 0.18

2019 Betweenness 3174 0.01 0.02
Closeness 3174 0.00 0.00
Straightness 3174 0.88 0.13
width 3174 28.84 18.52 m
Length 3174 388.55 362.74 m
VCF 3174 0.33 0.17
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Table 4

Global autocorrelation analysis of surface temperature of road sections in the study area.
Year Distance Threshold Moran’s I z p
1995 1876.23 0.391 1.491 0.136
2003 2102.75 0.241 60.490 0.000
2014 1676.04 0.385 100.731 0.000
2019 1654.42 0.394 18.773 0.000

The data in Table 4 and the inverse square-distance method were used to calculate the space weights based on the fixed distance thresholds of
1876.23, 2102.75, 1676.04, and 1654.42, which were optimally selected over the years. The global Moran indices over the years were 0.391, 0.241,
0.385, and 0.394, respectively.

Fig. 7. Spatial cluster distribution of thermal environment on road sections in the main urban area of Xuzhou.

was mainly reflected around the Xuzhou North Station, whereas the cold cluster was distributed in Jiuli Lake, Yunlong Lake and the
surrounding areas of Yunlong Mountain. In 2003, the scale of cold and hot clusters expanded, with the hot clusters mainly distributed
on the west side and southward area of Xuzhou North Station, the residential area from the northern bank of Yunlong Lake to the west
second ring of the north second ring road, and the commercial service facilities area in the southwestern part of Daguozhuang Airport.
The cold clusters were located in the surrounding areas. In 2014, the hot cluster area expanded near Xuzhou North Station, shrank on
the north bank of Yunlong Lake, and relocated to the vicinity of Xuzhou Station, whereas it remained unchanged in the area of
commercial service facilities southwest of Daguozhuang Airport. Simultaneously, cold clusters began to appear in Xuzhou New Dis-
trict. In 2019, the hot and cold clusters presented relatively distinct partitions. The Xuzhou North Station, Tongshan District in the
south, and the southwest commercial service facility area of Daguozhuang Airport formed a hot cluster area that ran through the main
urban area. The cold cluster intensified and expanded northward, forming an overall cold cluster area to the east. Cold clusters
remained along the banks of Yunlong Lake. The anomalous clustering data of HL and LH over the years were clearly interspersed and
distributed as independent small areas, and their numbers were relatively small.

3.5.3. Spatial stationarity analysis

A global autocorrelation analysis of road and thermal environments conducted in 1995 showed that the data exhibited spatial
randomness. Therefore, the OLS model was used for the regression analysis. A significance test, collinearity diagnosis, and normality
test of the residuals were used to validate the explanatory power of the OLS model. First, an OLS regression model was constructed
using the descriptive statistics of the model factors. Then, an OLS regression analysis was performed using SPSS (Table 5).

Based on the analysis results, the expression for the OLS regression model of the road thermal environment in the study area is as
follows:

UHIjpdex = 0.610-0.333*betweenness-1194.5*closeness+0.197*straightness-8.898*10-6*road width+1.012*10-7*road length-
0.160*VCF

The regression coefficient is positive, indicating that the explanatory variable has a positive effect on the explained variable, and

Table 5
Parameter estimation of the OLS model between UHI;,qex and road heat effect factors in 1995.
Non-standardized coefficient t Significance
B Std dev
Intercept 0.610 0.113 5.378 0.000
Betweenness —0.333 0.092 —3.620 0.000
Closeness —1194.500 196.499 —6.079 0.000
Straightness 0.197 0.130 1.518 0.130
Width —8.898E-6 0.000 —0.050 0.960
Length 1.012E-7 0.000 0.030 0.976
VCF —0.160 0.016 —9.837 0.000

dependent variables:UHIj,gex-
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vice versa. The regression coefficients of betweenness, closeness, and VCF were —033, —1194.5, and —0.160, respectively, and the P
values were all <0.05, indicating that they all have a significant negative correlation with road temperature. The P values of the
straightness, road width, and road segment length were all >0.05, indicating that their relationship with the road thermal environment
was not sufficiently significant.

Next, we analyzed the results of the OLS model, including the significance and OLS model tests, multicollinearity analysis, and
residual distribution test. In SPSS, the significance test of the OLS model and the test of the OLS model of the road segment LST and
traffic network factors showed the following.

In the OLS regression model, the F value was 22.673, the p value was 0.000 (<0.05), and the linear relationships among the
variables were evident. The R? value was 0.331, indicating that approximately one-third of the variation in the dependent variable
could be explained by these results. The actual number of variables was considered, and the adjusted R? value was 0.316; that is, 31.6
% of the variation in the independent variables could be explained, indicating that the fit was not ideal. This result occurred mainly due
to data limitations; relatively few urban road factors were selected to participate in the thermal environment, and the variable in-
fluences of special factors, such as the land use nature of the surrounding areas, were not considered. In this study, the results of linear
regression were used to analyze the degree of effect rather than to predict LST; therefore, the requirement for R2 could be appropriately
reduced.

By analyzing multicollinearity, the VIF values of betweenness, closeness, straightness, road width, road segment length, and VCF
were found to be 1.232, 2.037, 1.379, 1.239, 1.087, and 1.941, respectively. The VIF values of the variables ranged from 1.087 to
2.037, all of which were <7.5. The assumption of collinear variables was overturned, indicating that there was no significant cor-
relation among the independent variables and that all indicators satisfied the analysis conditions. The residuals met the requirements
of the linear model, and the normality test was passed.

3.5.4. Spatial nonstationary GWR analysis

This study used an MGWR model to calculate the spatial differentiation of road segments and independent variable factors during
2003, 2014, and 2019.

First, a stationarity test of the model space was performed. Table 6 shows the fitting results of the OLS, classic GWR and MGWR
models for the three periods (2003, 2014, and 2019). Three indicators—AICc, adjusted R2,and RSS—were selected to evaluate the
performance of each regression model. The larger the R?, the smaller the AICc and RSS values, indicating a better performance of the
model [50]. According to the fitting results from the AICc and adjusted R? values, the GWR and MGWR models were both better than
the OLS model in reflecting the non-stationary spatial relationship of the thermal environment. When the global variables did not have
a spatial non-stationary relationship, the MGWR model performed the best. Based on a comprehensive comparison of the data for the
three periods, the thermal environment of the road segment in 2014 was selected for analysis.

A regression coefficient analysis was then performed, including the global and local analysis stages. The MGWR model was first
analyzed in the global analysis stage (Table 7). As shown, the two variables of betweenness and closeness in the road network cen-
trality parameters did not have a significant linear impact on the LST of the road segment, whereas the length and straightness of the
road segment had a significant negative impact. Straightness refers to the efficiency of access to the urban road transportation network.
The higher the straightness, the higher the road traffic efficiency and the fewer the agglomerated urban activities. Similarly, the longer
the road segment, the more traffic activity is retained and the introduction of other urban activities is reduced; however, this situation
will not cause an increase in temperature. Road VCF also had a significant negative effect on the LST of the road segment. Greening is
generally acknowledged to reduce road LST effectively. Additionally, road width has a positive effect on the thermal environment, the
wider the road width, the larger the area of the vehicular road surface that receives solar radiation, and the higher the temperature
increase.

Based on the approximate t-test [5S0], when the coefficient of the thermal environment influence index of the road segment |t| <1.96
and p > 0.05, there was no significant effect, indicating that the interpretability of this indicator on the LST in the road segment was
very weak. Based on the local spatial analysis of the effect of the road network on the thermal environment and considering that the
focus here was the analysis of the road network structure effect on the thermal environment, the distribution pattern of the road
segment effect on the LST was explored spatially. From the perspective of space stationarity, road betweenness and closeness had space

Table 6
Comparison of global OLS regression and GWR fitting results (statistical data).
Model parameter AICC R? Adjust-R? RSS Enp
2003 OLS 3064.530 0.566 0.564 660.381 -
GWR 2306.681 0.848 0.805 231.360 332.408
MGWR 2103.675 0.862 0.826 210.557 313.969
2014 OLS 5512.991 0.423 0.422 1385.927 -
GWR 4143.970 0.818 0.765 436.385 548.012
MGWR 3696.533 0.829 0.789 411.154 452.849
2019 OLS 8067.335 0.260 0.259 2348.446 -
GWR 5968.269 0.767 0.709 738.619 634.058
MGWR 5522.923 0.783 0.736 688.713 560.582

RSS: residual sum of squares.
Enp: Effective number of parameters (trace(S)).
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Table 7

Global regression coefficients of MGWR model.
Variable Est. SE t (Est/SE) p-value
Intercept 0.000 0.016 0.000 1.000
Betweenness 0.021 0.023 0.912 0.362
Closeness 0.024 0.023 1.081 0.280
Straightness*** —0.073 0.016 —4.560 0.000
Width*** 0.067 0.016 4.059 0.000
Length*** —0.056 0.017 —3.345 0.001
VCEF#*** —0.634 0.017 —38.061 0.000

stationarity, whereas straightness, length, VCF, and width had space non-stationarity. A key t value of 1.960 (corresponding to the
upper limit of the 95 % confidence level of the t-test) and P value < 0.05 were selected as the boundaries. After performing an
approximate t-test, the correlation coefficient of each influencing factor in the regional space was retained, and the spatial distribution
of the local regression coefficients of each influencing factor was plotted (Fig. 8), visually showing the pattern of the significance of
each influencing factor on the road surface thermal environment as it relates to location.

As shown in Fig. 8, the length, width, and road connectivity effects of the road segment on its surface thermal environment showed
significant spatial differentiation, and the length effect of the road segment was most evident in the old urban area on the northern
bank of Yunlong Lake. The VCF showed a clear negative effect on the global thermal environment.

Subsequently, a local analysis was performed. Statistical descriptions of the local variables used in the MGWR model are presented
in Table 8. A comparative analysis of the results showed that the positive and negative values of the regression coefficient of each
variable reflected different directionalities, indicating that there were two types of effects—positive and negative— on the thermal
environment. Concurrently, these variables had notably the same effect on the sample points of most road segments in the study area.
The mean and median values of straightness, length, and VCF were negative, whereas those of width were positive, indicating their
positive and negative effects on the thermal environment of the road segments.

4. Discussion
4.1. Roads: the temperature change trend and city designation as a heat island or cold island

The urban road ontology is a typical impermeable surface and manifestation of urbanization in physical spaces [51]. Urban roads
are high heat storage bodies in the urban thermal environment that increase the thermal conductivity of the underlying surfaces in the
city, and thus are important space carriers of the UHI effect [52,53].

Here, we analyzed the thermal environment based on urban road segments. The results show that in the overall urban thermal
environment—judging from the road UHIs over the years—the average UHIj qex Was ~0.56, which is in the medium-temperature
region as a whole, indicating that the urban road temperature is higher than the urban average temperature and has stability.
Considering the network characteristics of urban roads [54] and the connectivity function of a series of functional areas [55,56], the
road network has a reinforcing effect on connecting UHI patches, improving the overall connectivity of heat islands, and forming a heat
island aggregation area [57]. Urban roads have a clear positive effect on promoting the UHI effect. Simultaneously, in the context of
splitting the connectivity of thermal environment areas for zonal control of the thermal environment [58-60], improvements in the
road thermal environment can block the connection and aggregation of each heat island functional area.

Roads in cities are constantly improving. We consider urban roads—the carriers of the urban skeleton structure—as a primary
element in the urban morphological structure and quantify the structure and LST of urban roads in different periods based on indi-
vidual road segments. This process shows that improvements in the main structure of the urban road network lead to obvious non-
stationarity in the thermal environment of the roads; that is, the factors affecting the urban road temperature vary spatially.

4.2. Spatial differentiation of the road thermal environment: individual influencing factors

Roads, by themselves, are impervious [61]. Existing studies have shown that the geometric characteristics, material composition,
structural characteristics, green coverage, and construction of the surrounding functional areas of road segments are all important

Y

Fig. 8. The coefficient of influence of significant influencing variables on LST of the road (a) Straight; (b) VCF; (c) Length; (d) Width.
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Table 8

Descriptive statistics of regression coefficients of the MGWR model of road LST.
variables Average Std dev Minimum Median Maximun
Intercept —0.138 0.355 -1.139 —0.151 0.827
Straightness —0.037 0.485 —1.116 -0.119 2.574
Width 0.021 0.089 —0.202 0.033 0.298
Length —0.094 0.1 —0.246 —0.056 0.168
VCF —0.473 0.233 —1.286 —0.448 0.389

factors affecting the thermal environment of the road itself [62-65]. Urban structure affects the thermal environment [66,67]. and
since a road is a skeleton for urban structures [68] it also has an impact. Here, we selected the index factors of the structural, geometric,
and self-construction attributes of road segments. We found that the self-organizing structural characteristics of road segments are also
important factors affecting the thermal environment. In particular, straightness—a structural indicator of roads—and road segment
length in urban road organizations showed a significant overall negative correlation with the road thermal environment. In general,
higher road straightness indicates higher traffic efficiency of the urban road traffic network, and thus stronger traffic attributes; fewer
urban residential activities are associated with such road structures. The lower the frequency of interaction between the urban
functional area and the road, the less the thermal environmental attributes of the road overlay thermal emissions from urban activities.
Therefore, thermal emissions are close to those of the impervious surface itself. For high-grade roads with greater straightness, the
focus of thermal environment regulations should be on the road construction level, considering factors such as increasing road
greening and changing road pavement materials.

In China’s urban road network organization, the road segments in the old urban area are shorter than those in the new urban areas,
and the length of the low-grade roads is shorter than that of the high-grade roads. The shorter the road segments, the stronger the
lifestyle attributes of the roads and the more their thermal environments are influenced by the surrounding thermal environment. In
other words, the greater the superposition of heat emissions from surrounding urban functional areas, the more likely that the thermal
environment will contain a high number of urban functional attributes because of the impermeable surface itself. Similarly, in urban
road networks in China, roads in old urban areas are often narrower than those in new urban areas. The width of low-grade roads is
narrower than that of high-grade roads; the narrower the road width, the stronger the lifestyle attributes of the roads and the wider the
width, the stronger the traffic attributes of the road. The thermal environment of narrow roads is affected more by the surrounding
thermal environment; that is, the superposition of heat emissions from the functional areas of the surrounding cities is greater.
Therefore, based on the thermal environment attributes of the impermeable surface, the thermal environment of narrow roads contains
more urban functional attributes—wide roads mostly reflect the thermal environmental attributes of their impervious surfaces.

Green cover has a negative effect on the thermal environment, and greening enhancement is an effective measure for reducing road
LST [69,70]. However, in urban road spaces, the regulation of the thermal environment by improving greenery shows obvious spatial
non-stationarity. Therefore, thermal environment improvements based on the global scale of greening construction cannot reflect
significant space efficiency/benefit. Thus, greening improvements in strongly correlated areas should be emphasized. At a later stage,
studies related to greening belt width, plant combinations, and seasonal (season and time) changes could be considered to optimize the
thermal environment.

4.3. Guidance for space planning

This study validated the influence of the self-organizing spatial structure characteristics of urban roads on LST and proposed a
strategy for improving LST aimed at the structural, geometric, and self-construction attributes of roads. Owing to the constant
development and changes in urban roads, methods of urban traffic organization—subways, light rail, and sky rail— are becoming
increasingly diverse, and the construction orientation of urban road structures—such as policies on narrow roads and dense road
networks—is changing [71]. During road optimization and adjustment, the same road segment characteristics are located in different
areas and have different structural attributes; thus, there are large differences in their thermal environments. As such, we introduced a
GWR analysis to explore the main factors influencing road LST in different spatial regions and analyzed targeted measures that can
improve this. Based on the study results, we believe that, in addition to improving construction characteristics of the road segment
itself, the thermal environment of urban roads should be guided by the optimization of the road structure from the perspective of the
overall structure of urban roads, based on the planning system of each region or country.

The network structure and road segment construction of urban roads are important factors affecting the urban thermal environ-
ment. When the urban form was relatively simple in the early stages, the impact of the urban network structure on the thermal
environment was relatively insignificant. With the expansion of the urban form, complexity of the internal structure, and the
improvement of road system construction, the influence of the urban road network structure on the thermal environment has also
gradually increased. The road thermal environment reflects clear spatial non-stationarity. Under China’s urban-rural planning system,
the structural optimization of the road system should be guided by the overall planning and scientific organization of the road network
and supplemented by optimizing the layout of various land use functional areas. In lower-level planning, detailed regulatory planning
management units should be emphasized as the boundary of the space partition. Based on the performance of the thermal environment
effect of roads in different regions, a construction orientation for each region should be proposed, and the management and control of
various construction indicators should be clarified. Road cross-sectional structures and greening configurations should be optimized
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segment-by-segment and implemented in the constructive detailed planning stage.
4.4. Study limitations and future directions

First, this study emphasized the influence of urban road structures on LST, which is only limited to two-dimensional spatial scales to
carry out the correlation study, and does not investigate in any depth the three-dimensional spatial scales of the construction of road
sections and other internal constructions. Different levels of urban roads have different arrangements of paving materials, plant and
green configurations, cross-sectional forms, and spatial layouts of surrounding buildings [72], resulting in different albedos, plant
cooling effects, and spatial morphologies, which also have an impact on the LST of urban roads. Therefore, thermal environment
mechanisms of different road attributes and surrounding building spaces should be explored in a refined, three-dimensional, and
comprehensive manner in future studies. Second, LST is time dependent [73], and the retrieved LST data used here had high spatial
resolution. Dynamic changes in the environment and each component of urban roads exert different thermal environmental perfor-
mances at different time points. This study employed commonly used data types to explore more accurate methods of dynamically and
continuously quantifying the all-weather and all-seasonal phases of roads. Even LST within the full life cycle is a key consideration for
future research. Finally, although this study selected typical cities of an average size in China as the research object, the road network
of each city is unique. For example, urban transportation modes differ under different climatic and geographical conditions. In future,
thermal environmental effects of urban roads should be systematically classified and explored.

5. Conclusion

Taking the main urban area of Xuzhou City as the study area, this study clarified the influence of road structure on LST through
multi-period data analysis, and further explored the effects of urban roads on the LST of road segments at the structural, geometric, and
their own construction attribute levels. The following conclusions were obtained: (1) the contribution of road land to the UHI effect is
relatively stable, and the overall temperature is in the intermediate temperature range. Based on the network structure characteristics
of roads, connected UHI patches had a greater promotional effect on LST. From the perspective of segmenting UHI patches for in-
dividual management, roads provide an important opportunity to improve the overall urban thermal structure. (2) Based on a
quantitative study of the factors, the self-organizing structural characteristics of roads are important factors affecting their thermal
environment, especially the straightness factor, which shows a significant overall negative correlation with the road thermal envi-
ronment. Concurrently, the road segments length and width have a significant overall negative and positive correlation with the road
thermal environment, respectively. Among the self-construction attributes, VCF has a negative effect on the thermal environment, but
reflects an obvious spatial non-stationary relationship.

In summary, this study enriches research perspectives on the relationship between urban spatial structures and LST as well as
research levels of the relationship between roads and LST, quantitatively explores the influence of self-organizing characteristics of
urban road structures on LST, explains the differences in the influence of various factors of urban road structures on LST, and clarifies
the importance of proposing differentiated and targeted strategies for different regions. Urban roads form the skeleton of urban
structures. This quantitative exploration of the thermal environment effect of urban roads can provide ideas for urban planners and
administrators when formulating policies to address the organization and morphological development of urban traffic associated with
the urban thermal environment. The method proposed here can be applied to other countries and cities with different climatic en-
vironments and morphological types to better guide and regulate urban thermal environments and synergic construction of urban
spatial structures.
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